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A means is described for computing the peak static
and peak dynamic¢ overpressures of the shock wave

generated by an artillery piece with muzzle brake as
a function of position within the crew area. Computed

results are compared with recent experimental results

and indicate a fqvorablewagreenent.
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LIST OF SYMBOLS

, The reader is referred to RIA report Number 62-1794
for a complete list of symbols concerned with gun interior

ballistics and muzzle brake parameters.

is repeated here for reference.

Symbol

INTERIOR BALLISTICS SYMBOLS

Meaning

ot

o et

¥=Cp/Cy

area of bore plus cross sectional area
of grooves

area of ammunition band in contact with
tube after shear deformation

total inteéernal volume of gun

mass of projectile

mass of charge

mass of igniter

total propellant mass

mass of recoiling parts
temperature of the propellant gases
muzzle velocity of the projectile
velocity of the propellant gases

specific volume of the propellant gases

pressure in the gas

time
time at start of gas ejection
force on breech

speed of sound in gas

ratio of specific heats of propellant gas

gas constant

A partial list

Dimension
in2

in2
in3
1by
lby
1bﬁ
lby
1by
°R
ft/sec
ft/sec

£13
1by



Meaning

Vo

specific heat of gas at constant
pressure

specific heat of gas at constant
volume

Joule's constant = 777.5

acceleration due to gravity = 32.17

heat of explosion of the propellant
charge

heat of explosion of the igniter

enhergy invelved in a process

Diménsion

__Btu

__Btu

lbg £t
" Btu
ft/sec?

_Btu_

kinetic energy of the projectileée at the

start of gas ejection (ty)

kinetic energy of the gas at g

kinetic energy of the recoiling parts

at tq

kinetic enexgy spent in engraving the

Btu
Btu

Btu

bore and in forcing the projectile thru,

evaluated at t,

Btu

thermal energy remaining in the gas at t, Btu

during combustion
heat released by charge

-

heat released by igniter

— dimensionless velocity

¢= E_ dimensionless pressure at t,

Pp

Wa %‘* dimensionless specific volume at 50 

Biu
Btu

Biu



@

Meaning

<
i "
AR Sl

dimensionless temperature at t,; also
used as an angle in the brake design
cumulative mass discharged

cumulative momentum discharged
cumulative stagnation enthalpy
discharged

force on brake in axial direction of
gun tiube

vertical force on brake normal to axis
of gun tube

Ag DPr «osa . , . .

— &P inis ; dimensional constant used

b init ¥r in obtaining a dimension-
less time

dimensionless time

j;§f~;sfa ; dimensionless cumulative
¥1 2 init momentum discharged from
muzzle

dimensionless cumulative mass discharged
dimensionless cumulative stagnation
enthalpy discharged

axial momentum index; i.e., the ratio of
the axial brake force to the breech force

ratio of normal brake force to momentum
rate of discharge

fA-r = 1.46881(1~ b ,¢) ratio of momentum

propagated in axial direction thru a
control surface surrounding brake to
total momentum discharged from the
muzzle

Dimension

Iby,

lbs secs
Btu
1bg

1b£

sec”

P
a
v

static pressure in gas
dynamic pressure in gas

specific volume of gas

psia
psia
ft



Symbol

Meaning

<l

|

velocity of gas
velocity of center of mass of gas mass
static temperature of gas

stagnation temperature at center of shock
sphere

¥ = T9/py

yo

ﬁQav

specific volume at center of shock sphere
Vaav
5

radius of shock being driven by mass M
discharged from weapon (at 5 =4)

total mass of gas within sphere of radius
Fy
radius of a sphere of gas

distance from center of muzzle brake side

port to center of nearest spherical shock,

at maximum Shock strength

path length of gas flow from center of

muzzle to center of one of the side muzzle

brake ports

horizontal coordinate axis normal to gun
tube axis with center at center of front
port of brake

Dimension

ft/sec¢
ft/sec

°R

on
°R/p&ia.

££3/1by,

£t

1b

ft
ft
ft

ft

axis normal to axis of gun tube and X-axis,

directed up, with origin at origin of
X-axis

coordinate axis along axis of gun tube
directed from the breech with origin at
center of front port of muzzle brake

X-distance to center of a side port of
the muzzle brake

Y-distance to center of a side port of
the muzzle brake

Z-distance to center of a side port of
the muzzle brake

ft

ft

ft

ft

ft



Symbol

Meaning

n

21

X = XO“‘X»l
y= YQ*YI

z = zptzy

X-distance between center of a side
port of m. b. and center of associated,
fully developed shock sphere

Y-distance between center of a side port
of m. b, and center of associated, fully
developed shock sphere

Z-distance between center of a side port

of m. b. and center of associated, fully
developed shock sphere

X-distance to center of shock sphere

Y~distance to center of shock sphere

Z-distance to center of shock sphere

horizontal coordinate normal to vertical
plane thru gun tube axis with origin at
center of rear trunnion

vertical coordinaté measured positively
upwards with origin at center of rear
trunnion

horizontal coordinate, in plane parallel
to ground, orthogonal to ; and queaSured
positively toward the muzzle ‘

height above# - » plane to reference
position in blast field

distance behind centér of rear trunnion
in 2 - ¥ plane to reference position in
blast field

distance from center of front port of

muzzle brake to center of rear trunnion

distance from center of front port of
muzzle brake to reference position in
blast field

distance from center of nearest shock
sphere at max static overpressure to
reference position in blast field

distance from center of farthest shock
sphere at max static overpressure to
reference position in blast field

projection in £~y plane of distance from

center of froint port of muzzle brake to

reference position in blast field

Dimension

ft

ft

ft
ft

ft
ft

ft

ft

ft

ft

ft

ft

ft

ft

ft



Symbol

5>

>

™

cOSA
COSA
coSAu
Qost

cosB,,
1

cosB,,

PF

EFF

Meaning Dimension
quadrant elevation deg

angle between gun tube axis and pro-
jection of D on plane of tube in plane

of tube deg
projection af~9'invf—v plane rad or deg

angular projection in X-Z plane that
mean flow from the brake makes with
Z-axis degs

angular projection in X«=Y plane that
mean flow makes with Y-axis degs

direction cosine of V; vector of nearest
shock sphere with respect to £ =-axis in
£ - 7 - y System ‘

direction cosine of ?1 vector of nearest
shock sphere with respect to q -axis in
f r] =V system ‘
direction cosine of 71 vector of nearest
shock sphere with respect to ¥ =axis in
; -n - Y system

direction cosine of Vj vector of farthest
shock sphere with respect to £ -axis in
; r) -y system

as cosAq above except pertains to
farthest’ shock Sphere

as cosA, above except pertains to
farthest shock sphere

static overpressure (subscripted) psi

dimensionless static overpressure

(subscripted) psi

effective per unit v; contribution to
the gas velocity behind the shock front

an empirical propagation factor defined
in equation 0,63

per unit total stagnation enthalpy in-
volved in a point source explosion at
the muzzle; efficiency of energy
utilization in producing shock

6



Symbol Meaning Dimernision

o dimensional constant used in point )
source explosion theory t

non-dimensional distance from center
of point source explosion

e

bPP duration of the positive static
pressure phase of the shock wave millisecs

SPLSP impulse per unit area from the
positive static preéssure phase of
the shock wave due to a point
source explosion psi millisecs

DPLSP impulse per unit area from the posi-
tive dynamic pressure phase of the
shock wave due to a point Source
explosion psi millisecs



eff

av

init

«

Q© N M

SUBSCRIPTS

refers to conditions at the muzzle

refers to ambient (free field) conditions
pertains to the combustion products
refers to value of variable at the breech
refers to an effective value

refers to an average (or weighted average)
value over a volume

refers to initial conditions for gas ejection
refers to a cumulative or integrated value
refers to conditions upstream of a normal shock

refers to conditions downstream of (or behind)
a normal shock

pertains to components along X-, Y-, and Z-; -
coordinate axes

refers to location of muzzle brake ports in

pertains to each of the two spherical shocks
created by the muzzle brake, at max peak
overpressure

pertains to conditions in a shell of compressed
ambient air in the single shock sphere model as
observed in a frame stationary with respect to

the center of mass of this system

refers to conditions at reierende position in
blast field



refers to a stagnation value

distinguishes angular projections, as noted
refers to conditions predicted by the point
source explosion model

pertains to motion of center of mass of gas
discharged

by an observer with respect to whom the shock
is moving in still air



INTRODUCTION

It has appeared to be desirable t6 have an analytical
means for predicting the severity of the artillery blast
within the crew area. The practice of designing muzzle
brakes from only the point-of-view of reducing rod pull
and without regard to the effect of the brake design upon
the blast field has been perpetuated because a good
analytical tool for predicting the performance of a brake-
weéapon system in terms of operator comfort has been lack-
ing. The purpose of this report is to fill that need
insofar as engineering results are comncerned. There is
much more that one could say that would give a better
understanding of the physical mechanisms involved in the
creation of atmospheric shock from artillery.

It is recognized that the mathematical model presented
here has oversimplified the phenomenon. At the outset of
this study there was the hope that the assumptions involved
in the 'ﬁlOd”el,'Wéi“é not so u’nreal.ist;c tnat quantitative
agreement with experiment was precluded. As a working
goal, it was decided that an agreement in the peak static

- . overpressure of better than 20% of max value for all

points within the crew area was necessary. To achieve
this goal, a minimum numbeér of empirical constants were
to be introduced and ad hoc assumptions were to be eéelim-

inated, if possible.

Since there seems to be a positive correlation
between the discomfort that a human operator experiences
and the peak static overpressure in the incident shock
wave; and since the latter parameter has been accepted
for some time as a c¢ritical parameter in the man-weapon
system, this theory was constructed to predict the peak
static overpressure for any position within the crew area.
Additionally, the peak dynamic pressure component is
given.

For reference and comparison purposes the following
parameters predicted by a competitive theory are given:
the peak static and dynamic pressures, the total positive
1mpulse, and the duration of the positive pressure phase
in the shock wave. These computations were made by
assuming a point source explosion at the muzzle with a
total energy release equal to the total stagnation
enthalpy discharged times an efficiency factor. The
latter values indicate what is expected for a spher-
ically symmetric burst and, by comparison with the
results of the present theory, indicate the directional
effects of the brake-weapon system.
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, In predicting the peak static overpressure, it was
desirable to take into account specific geometric details
of the muzzle brake such as the size and shape of the
brake and to take into account such physical factors as
the momentum indices in the axial and transverse vertical
directions (for vertically asymmetric brakes). This was
done in sufficient generality to include the majority of
the presently used brake designs. Also, the interior
ballistic factors were considered as well as the relevant
weapon dimensions.

Computations were made from the theory using a digital
computer. The computed results have been compared (insofar
as is possible) with recent experimental results obtained
by the Artillery Weapons Branch, Artillery Division,
Developmént and Proof Serviceées for the Human Engineering
Laboratories, Aberdeen Proving Ground, Md. (Reference 12.)

Since hand calculation from the theory is extremely
laborious, the author has included the logic diagram and
the FORTRAN program for making these computations with a
digital computer.

11



It is recognized that gaseous discharge from the
mizzle of an artillery piece does not admit the same
simplifications in the mathematical model as, say, the
explosion at a point, in whic¢h case an instantaneous
release of energy is validly assumed. The discharge
from a gun tube is neither a pure energy- nor a pure

is concerned

In the case of gas discharged from a gun tube
without a muzzlé brake, thé events occurring prior to
the establishment of maximum shock strength have been
déescribéd in some detail qualitatively in reference 7.
The essential feature of that description which I wish
to use is the idea of a ''‘shock bottle." As the
combustion products are discharged, they push back the
ambient air replacing a volume formerly oc¢cupied by
air. This process may be thought of as a three dimen-
sional fluid piston expanding in air. During this
discharge, which occurs transonically in the combustion
products but supersonically relative to the air, a
shock wave is established in the air. This shock
grows in strength as more gas is fed into the bottle-
shaped volume of combustion products at the muzzle.

12
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Since thée mass-, momentum= and enthalphy-rates of
discharge are rapidly dec¢reasing; a point is reached
where the bottle of driving gases cannot affect an in-
crease in shock strength, i.e., cannot accelerate the
shell of compressed air advancing before it At thls

away from the drlving gases only serves to attenuate the
peak overpressure, baring coalescence of two shock waves
upon shock reflection.

At maximum sShock strength the dimensions of the
shoc¢k bottle are such that thé max streamwise dimension
from the muzzle is approximately equal to the max trans-
verse dimension (reference 7).

For weapons such as the standard 105mm howitzer;
this has beéen found to oc¢cur at a non-dimensional time
of 5= 1. Certainly, one would suspect that this time
would vary from weapon to weapon and from one zohne
charge to another; for a given weapon. However, slight
variations in the predicted time of max shock strength
should not alter appreciably the predicted max over-
pressure; sinceé the latteéer value changes slowly in time
near its maximum, where time derivatives are zero.

Thus, in the mathematical model, max peak over=
pressure occurs at = 1. Further 51mp11f1cat10n in
the model was obtained by assuming the shock bottle is
spherical The geometry of the shock model is illustrated

in figure la.

Var1ab1es w1th1n the dr1v1ng gas at the 1nterface
the number 2. Condlt;ens w1th1n the th;n shell of
compressed air are assumed to be uniform and are sub-
scripted with the letter y. Conditions upstream of the
moving shock =~ ambient conditions, in this case =~
are subscripted with the letter x or the symbol eo .

‘momentum along the tube ax1s, the shock sphere must be
moving in an axial direction with a mean velocity-¥v, .
In a frame of reference moving with the center of mass,
the state variables are assumed to have the distribu-
tions shown in figure 1lb.

Note py = Pgs l .., that at max shock strength the

pressure gradient at the driving interface has vanished.
Also note that turbulent m1x1ng has not been such as to

the value T2 ' This assumption is based upon the fact
that maximum shock strength is developed in a very brief

15



interval and that heat transfer mechanisms in a dilute gas
require a longer active period to be effective. A third
significant aspect of this model is the requirement that
the mach number of the driving gas at the interface equal
unity. If the mach number were lower, expansion would
quickly raise its value; however, if the mach number here
were higher than unity, shock reflection at the interface
would bring its value down.

The value of the stagnation pressure and of the

stagnation temperature of the combustion gases within the
driving sphere and, in fact, the size of the sphere it-
self is a function of the cumulative -mass; -momentum,
ahd -~stagnation enthalpy discharged up to = 1. Further
the Rankine~Hugoniot conditions (Appendix I) require that
definite relationshlps exist between variables on either
side of the.shock -= assumed here to be a one~-dimensional
normal shock -- e.g.; betweén‘py and py. ~Conditions in
front of the shock are known. Therefore; one can write a
set of equatlons which determine the peak overpressure,
Py-Px = Pg, at maximum shock strength. The derivation of
these equations is found in Appendix II. It is also shown
in this appendix that the presence of a muzzle brake; which
alters the distribution of mass from the muzzle, does not
change the maximum peak ovérpressure in the stationary
shock frame of reference. It is assumed that the muzzle
brake causes two initially distinct shock spheres to be
developed, each of which propagates with an independent
decay rate until eoalescence° Constructive interference
within the crew area is assumed. (See Appendix III.)
The effect of shock reflection frem the ground is not con-
sidered, altho at low quadrant elevations-this pheéenomenon
undoubtedly plays a role in determining peak overpressure
in the crew area.

The directional effects of the shock wave are ob-
tained by considering the maximum peak overpressure in
a frame of reference that is fixed with respect to the
ground. Reference 3 suggests that, for the simplified
model considered there, stron directional effects are
absent in the blast field of a moving fluid source when-
ever the mach number of the source in the medium is less
than unity. However, even for a subsonic source, there
are directional effects. These result in a strengthening
of the shock in the direction of motion of the source and
a weakening of the shock in the opposite direction. To
account for the directional effects due to the motion of
the shock sphere relative to the ground, the center-of-
mass ve1001ty component in the d1rection of the reference

factor and added to the max radial velocity of the shock
wave in the center-of-mass system to obtain a maximum

16



effective shock wave velocity in a ground fixed frame.
By the Rankine-Hugoniot relations, the peak overpressure
is depéndent upon the shock velocity Thus; the maximum
peak overpressure in the ground frame of reference can
be obtained.

Having obtained the max peak overpressure, one must
consider the rate of decay of a shock wave with distance
to be able to predict the peak overpressure at the
reference position. Reference 3 1nd1cates that over-
pressure varies approxlmately as r=~+ as the overpressure
approaches zero. Reference 1, considering point source
explosions in air, indicates a much more rag;d decay for

very strong shocks with an approximately r~+ dependence
for shocks having a strength within the range commonly
encountered in muzzle blast (7 - .1 atm.overpressure),
the dependence gradually approaching r~* for shocks of
infinltesimal strength.

It seems appropriate to choose an r ~8/2 overpressure
decay for the present mathematical model. Then; knowing
the max peak overpreéssure and the shock radlus at this
time and knowing the distance between the center of the
shock and the reference position; one can compute the
peak overpressure at the reference position. Details of
the derivation of the equations concerning the over=
pressure at the reference position are found in Appendix
III.

For the derivation of the equatlons concerning the
gun internal ballisties, the reader is reférred to the
appendicies of reference 10.

field due to a po1nt source exp1051on were obtalned from
references 1 and 2. It was found that quadratlc best
fits on log-log paper to the data given in these refer-~
ences provided convenient computational formulae, of
sufficient accuracy, for obtaining the desired parameters.

17



EQUATIONS

The following equations; used in the computer program,
(listed in order used) are derived in Appendices I, II,
and III of this report and in Appendices I, II, and III of
reference 10.

0.2 W, =e M

T v.72 v
- IR S & B A
0.7  CONST 1 *(1/3){l*$%] + =] =
. | o,

Vo

d

g2 o
0.8 KEG = "t Yo coNsT 1
ey

2

v w2
0.9 ker = 'r Yo (i)
283 \Vo |

0.10 KEB =

Q.11 E, == 2 KE's

g
- Eg( ¥Yo-1)J
1o . = m _ g\ v2miie
0.12 Tav init Tg ~ Rg Mp

, - 12 E,( ‘&2—-1‘)J
0.13 Pay init = pg = %T

) 1/2
0.14 a3y init = ( ng Ry Tay illit)‘
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0.15 /s - Vo

23y init

0.16 Pyuy
0.17 1av

1.04952 - 0.25021815 - 0.061082024 /52

0.97960297 + 0.10274869 f + 0.19109947 f3

0.20

0.21 %y = A EPp init
2 init Mp

0.22a M(5) = Vg My

b M(1) = 0.50688My

0.23a P() = /' 2b init N7 1git“T

b P(1) = 0.44775 ®b_init Yr

g

0.24a H() = "p Eg

b H(1)

0.58948 Eg

0.252 A, =52 (1 - Veeg)
- P - -

b Ar = 1.46881(1 - Pogg)

Values of constants in equations 0.22 -- 0.25 were
obtained for ¥= 1.26 .

%1(T°)  See table.

v (m© ' "
Vy = Yy (T™) See table.
Voo YV

(-]

St
|
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J H(1) = M*Vl 4+ 2B ygyp0

2g UZ'I*
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2 ¥y
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©0)

Equations 0.26 -= 0.31 are solved iteratively for T° .
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Iz

0.41a

12

0.43a

o

0.44a

-4

0.45

0.46

0.47

0.48

0.49

23

- ~ cos® cos(QE)

[s1nZ# + cos?F cosZ(@B) | 7

- G cos(QE) + f

cos ¥

%o t Xy
=¥tV
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0.51

0.56

0.58

0.60

0.61

0.62

0.63

'O‘a 64

0.65

0.66

N2 = (D sin® - x)2
+((G + 2) sin(QB) + y cos(QE) = h)>

+ (0 cos® + 2 cos(@) - y sin(eE))?

92 = (D sin® + x) 2

+ ({(G + z) sin(QE) + y cos (QE) = h) 2
+ (D cos¥ + z cos(QE) - y sin(QE))?2

12 = D2 + (G sin(QE) - h)?

) Sin'ﬁ - X

cosA
A

) N

= (G *+ z) sin(QE) + y ¢os(QE) - h

cosB,,
7

cosB,

_Dcos¥ +2 c0S(QE) - y sin(QE)

-‘-} = Vgl
"

v, = 7yl cos(QE) + v}l sin(QE)

V,= ¥V, cos(QE) - Vy'l sin(QE)

K = PF/1.46881

vy = Vg + K(V; cosAf = V..\ CQS,A'] - Vv

<
it

1= Vg - ‘K(V}Z cost + V.] c,osB..q + 9,
7 [(v1)2 _, ]
o =5 | 7Y 1}
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0.67

0.68

0.69

0.70

0.71

0.72

0.74

0.76

0.77

0.79

0.80

0.81

p531

Ps3 =

$, = exp [ -0.77394019 - 1.8989116(1nA)
| +0.30859282(1n A)? |

~n
q = Pw

DPP

SPLSP

DPLSP

372

2 2 1/2
(Pgp ¢+ q’sz)

?31 Pso

593207 + )]

1/3
(EFF) (Eg) (777 5)]

144 p, J

N .
¢3 Pe

+ 0.30799213(1n A)?]

* exp[ - 2.7823354 ~ 3.2585905(1nA)

103 & exp[ -1.7935746 - 0.32274651(1n )

- 0.021788577(1n §3)? ]

0.004

23
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THE DIGITAL COMPUTER PROGRAM

The computer program; designed to evaluate the equa~
tions, permits one to choose the parameter space for which
the computations of pressure, etc. are made. One must
enter the relevant gun constants and internal ballistic
parameters (listed later in this section) along with the
desired initial values and increments of the following
variables: w , ¥ QE, h, £, %+ . Provision has been
made for specify1ng the number of values of each of the
above variables. The number of values (levels) for each
variable is given a code word in the FORTRAN program.

The values are called in order into computer menory under
the following code words:

o Code Word Code Word for
Yariab.e for Counter Number of Levels

w KATE KENDAL

v KAY KEN
QE NIEL NORMA

h MAC MAGE

£ LENNY LAURA

¥ IRENE IVAN

Thus, if one required answers for two levels of @ , he
would enter 2 for the code word KENDAL. <Operationally, the
computer would establish a counter labeled KATE which would
take on integral values from 1 thru KENDAL, or 2, in this
case.

The computer performs a complete factorial among the
variables. Variables are listed in the above table in
order of progressive nesting, "% being most deeply nested.

Using the notation Ax as the finite increment of the
variable x, one must prepare data cards, in the following
order, having the values of: ¢ , h, f,% , QE, b , Ah,
Af, A s AQE, Av a, G, Xo5 Yoo zo:v;, s Peoe s PWR;, Aw
PF, EFF, where PWR represents the abs value of the power
of distance in the peak overpressure- dlstance relat1onship
-~ taken here as 3/2. The tables of %1(T%), Vy/Vx(T°), py1?),vy1®
follow the above data. Finally, the gun constants and e
internal ballistic parameters are entered as follows:

K29 Rz; e09 eig? A Acncts 'U'Tﬁ C9 1 Mp MRy VO 3

A logic diagram of the program and the source program,
written in full FORTRAN, follow.
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TABLES

503:2529
5£9,£152
¢18.2186
€¢19.€130
U556
€07.€050
874.13CH
43,3008
1C87. 6745
1239.9484
1h82. 6697
1925.5914
24 14,6800
29u45.41C0
37713.€u406
4§62,€533

40

Py
3¢.83212
39.94112
y3. 138Uk
Ué. 42399
WG T6769
53.259u7
5¢.8C927
¢C.uu707
67.98647
75.877u8
€8.37288

11C.95u81
135,73126
1€62.7C166
2Ch. 14546
263.74723



55966152

€18.2188

£79.0¥30

T41.9546
£807.0050
874, 1304
943, 32008
1014, 4900
1087.67u5%
1162.8336
1239.9484
1319.0024
1399.5806
Tug2,.€8697
1567.6574
1654.3329
Y742.8862
1833.2085
1925.59 14
2115.7107
24 14,6800
27130.0756
2949.4100
3409.7324
37736406
428U. 1693

4962.6533

Xy

g.765€ 11
10,24 1649
10.688714
11.108780
11..50358u

H.874799

12.552730

12.862355
13.15u202
13.429495
13.689368
13.934875
Tha 16€¢989
14.38¢613
14594 5€0
W.791661
T4, 978567
15.1559¢3
15.324453
19.63¢940
1€.051716
16 u1161%
1€.625¢05
17.€01280
T7.244317
17.526006
17.822599
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C.u3260061

0.u1816526

0. uCue?396

0.292¢C0977

0.38127014

@i3707éN&5
0.361C 1439

Cs 34350447

0.23562715

0.32826691
0.22137915

021492590

0.208€6986

0.30317968

0.297826u9

0.2927E425
0.28802937
0.28354Qu2
0.27929799
G.27148323¢6

€C.26121498

025239843

0.24719585
C.23813229
0.23221492

0.225€71€651

G.218¢1388

19745 .C000
2036.4000

2143,2000
21695 €600
2256.0060
2212.40€0
23¢8.£000
2425.20C0
2481.66C0
2538.€000
2594.4000
2esc.e0CO
21€7.2€C0
27¢63.¢0C0
2820.€000
267¢.40C0
2932,£000
29£9.2000
3C45.€0C0
3158.40C0
3321.¢0C0
349¢.€0C0
3¢C9.¢000
3835.2C€00
4004.40CO
4230.0000
4512.€000



DATA FOR XM103 BLAST FIELD COMPUTATIONS

Parameter

Value
1.2402

1727.5
1231.
13.717
10.8984
1710.
4.46
0. 042857
28.5
1430.
2200.
1.35
0.
0.50
0.
-0.416
11.3
0.933
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Units

e Tt

1b

Btu/lby

Btu/1lby,
in2
in2
in3
by,
by
1by
1pm

ft/sec

ft
ft
ft
ft
ft
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PEAK STATIC SHOCK OVERPRESSURE FOR XN103
CANNON. AT 100% RATED HAX PRESSURE W/0 BLAST SHIELD

(Computed by assuping a point explosion at the
muzzle with 50% energy utilization.) QE = 10°, h = 0
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EXPERIMENTAL VALUES OF PEAK STATIC OVERPRESSURE
FOR XM103 CANNON AT 100% RNP W/MUZZLE BRAKE WTV-D8259
AND W/© BLAST SHIELD (REFERENCE 12) QE = ©0°

Legend = ¥ =

30%--
20°--
100 -
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CChPUTED VALYES T
PEAK STATIC CVERPRESSURE FOR XN103 AT 100%

RAPED MAX PRESSURE %/ HZAZE2 BRAKE (WIV-DB259) AND

%70 BLAST SHIELD ¥ = 0,95, w= 0, QE.= 10°; h = 0
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EXPERIMENTAL VALUES OF PEAK STATIC OVERPRESSURE
FOR XM103 CANNON AT 100% RMP.W/ MUZZLE BRAKE

WIV-F8241 AND W/0 BLAST SHIELD (REFERENCE 12) QE = 0°
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COMPUTED VALURS OF

PEAK STATIC OVERPRESSURE FOR XM103 AT 100%

RATED MAX PRESSURE W/ XMLO3 BRAKE (WTV=F8241) AND

Ps3

psig*{

16,

_SHIELD _
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‘COMPUTED VALUES* OF PEAK STATIC OVERPRESSURE FOR

(WIV=F8241) AND W/0 BLAST SHIELD (* assuiing point-

source decay from tWe sources) ¥V = 1.35;, w= 0,
'QiE. = 0, ’h = 0 .

+ = 50°

40 o -
300 -
2.0 e e
10° --

D, feet

nopbn e

60



— POSITION OF MUZZLE AT O°QE

ISOBARIG PLOT OF
COMPUTED RESULTS FOR
¥MI03 CANNON AT
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EXPERIMENTAL VALUES OF PEAK STATIC OVERPRESSURE
FOR XM103 CANNON AT 100% RMP W/MUZZLE BRAKE

Wiv-¥8241 AND W/O BLAST SHIELD (REFERENCE 12), QE = 45°
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psi

COMPUTED VALUES OF

RATED MAX PRESSURE W/XM103 BRAKE (WIV-F8241)

AND W/0 BLAST SHIELD »= 1.35, w= 0, QE = 45°, h = 0
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COMPUTED VALUES OF PEAK STATIC OVERPRESSURE FOR XM103 AT 100%

RATED MAX PRESSURE W/ XM103 BRAKE (WIV-F§241) AND W/O BLAST SHIELD

(* asSuning point-source decay from two sources) b= 1.35; w = 0,

QE - 459, h - 0
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DISCUSSION OF RESULTS

Comparison of the computed results with the experi-
mental results, presented in reference 12, shows that the
computed values, while displaying the proper directional
and decay characteristics, remain consistently higher
than the expeéeriméntal values. 'The discrepancy im the peak
static overpressure is nearly constant in magnitude. This
fact allows ome to use the theory to predict the '"worsts=
case" or iost pessimistic overpressure that would be en=
countered in using a particular muzzle brake. The dif-
ferences between theory and experiment may be attributed
to several simplifications in the model. Some of these
are:

(1) The assumption was that maximum péeak static
overpressure is developed at .7 = 1 after discharge begins.
This obviously depends te a certain extent uponm the abil-
ity of the brake to act as a reservoir. It was assumed
that conventional brakes would not appreciably affect flow
rates into the atmosphere relative to those from the bare
muzzle. If this were not so, one e¢ould expect consider-
able deéeparture from theoretical predictions.

(2) Combustion was assuméd ¢omplete at the muzzle
with gases passing thru the brake in a thermodynamically
"frozen" state. If this asSumption were not valid;
departures therefrom would result in lower overpresSsures
than predicted.

{3) The Rankine-Hugoniot relations used were strlctiy
one-dimensional, whereas the spherical shock was guasi
one=dimensional and essentially three dimensional in
character. Here again the assumption resulted in too
large a predicted value.

(4) 1Initial decay of the shock wave, i.e., at very
great strength, is somewhat more rapid than the r=3/2
rate assumed. Altho decay at very low overpressures
(below about 3 psig) is not as great as the predicted rate,
the total effect of the latter assumption is to predict

(5) Constructive interferemnce in the waves emanating
from the two point centers of shock expansion was assumed
for all positions within the shock field. This assumption
becomes progressively less tenable as % increases from
zero. In general, the theory predicts the correct direc-
tienal effects with PF=0; however9 it is noted that the
theoretical overpressure values for Y = 50° remain
somewhat greater than those at =% = 30° and 40° at all
corresponding distances, D, from the muzzle, whereas the
reverse situation is true for the experimental values.

66



This discrepancy can no doubt be explained by noting
that -- contrary to assumption -~ complete comstructive
interference is not likely for large angular deviations
from the tube axis.

- In general, however, a 15% agreement between theory
and experiment was achieved. Considering the complica-
tions, this was all that was éxpected and probably all
that is required for engineering purposes.

- Since in general best agreement with experiment is
achieved for PF=0, this is the value used in the compu=
tations for the isobaric plots. The fact that gaseous
discharge is transonic rather than Supersonic may
account for the negligible effect of PF. As previously
menitioned, this fact was suggested by the results of
reférence 3. With PF=0, this theory contains no
empirical constants. Therefore the predictive ability
of this work is no better than the assumptions; good
agreement being obtained when the assumptions are valid.

As can be seen by inspection of the graphs, the
experimental results from the XM103 with M2A2E2 brake
and with XM103 brake bracket the computed results
obtained from the point source explosion theory.
This is a fortuitous result of the choice 6f brakes.
Since the computed overpressures predicted by this
theory do not depend upon angular deviation from the
Z=axis or upon the momentum 1ndex,‘V s Oof the brake,
quite severe inaccuracies could result from its use
as a predictive tool:.

However, despite the differences in magnitude
between experiment and the results of the point
source theory, the latter more accurately displays
the general shape (functional form) of the decay of
static overpressure with distance than does the
theory previously described in this report. The
reason that this is the case is to be found in the
assumption of a simple r -3/2 decay rate. Therefore,
a modification of the theory was made to account
for a variable decay exponent. Each shock center
at maximum shock strength was considered to be a
point source with explosive energy equal to one-
half the energy available in the gas discharged at
= 1. Then, using the pressure decay theory
developed in reference 1, the pressure components
at the reference positlon from the near and far
shock spheres were computed. These were combined
as indicated in equations 0.70 and 0.72 to obtain
the measurable peak static overpressure. Compar-
ison of the computed results of this modified
theory (graphs 7 and 11) with corresponding
experimental results (graphs 5 and 9 ) indicate
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an extremely favorable agreement and suggest the use of
the modified theory as a predictor in place of the
original theory.

It appears that the single point source explosion
theory, badly underestimates the positive impulSe and
duration of the positive phase and is, therefore; not
recommended as a predictor for these variables.
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APPENDIX I

The Rankine-Hugoniot reélations for stationary, normal
shock are given by Shapiro in reference 18. Slight modi-
fications and algebraic¢ rearrangement of the equations
found in Volusie I on pages 137 and following may be
written here as follows. Notational conventions listed
there are preserved in what follows.

By requiring that TJ = T , one obtains

1+ 5 =12

V Ty 2

1.2 Lya
Tx

i

From the combined momentum and continuity relations,
one can obtain

1.4 Bl + ¥ uxz) =p,(1+ ¥ M %)

Elimination of p /p, between 1.3 and 1.4 yields
Ll 4t
ux(l + -——;——— Hx) uy(l + uy)
1.5 -
(1 + X Mx) (l + X ll

Calling the left hand side of equation 1.5

F !‘F(M ), we have

1/2
1.6 Mzr- 1 -2 X' F - (1 - 2 Y F - 2F) Y/
o Yy T 1 - X (1 -2 X F) -




Following Shapiro, we let primed quantities refer
to conditions observed by a stationary observer in
region x toward whom the shock is propagating. Then,
the transformation conditions relative to a stationary-
shock frame of reference are:

1.9 Ty =T,

1 10 T - P
1,10 Ty T

By assuming that the flow is isentropic in the y'-region,
one has additionally

2‘, one can rewrite equation 1.2 as
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ahnd
iLe y 0 ' - a ' °
1.20b Yy ¥ My

By definition M, ﬁ‘EE s Or by equation 1.17,

1.21 Mx L . S— x5 .
€ T ReT "

Considering Vg, the shock velocity, to be the
independent variable, one can successively compute Mys
M., P I ,
My, Pig Ty@ Bys M& and g, by sequential
application of formulas 1.21, 1.6, 1.3, 1.2, 1.19, 1,20s,

and 1.20b. Thus, tables can be constructed, functionally
relating the above variables,

center of the shock sphere, T s to the above parameters.
By assuming that the combustion products expand nearly
adiabatically, one can vwrite

1,22 To = + Xz - 1 2
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However,; it was assumed in the model thg} M
and, therefore, that vg = ag = (g X2 Ry To)

Thus, , o -
inZ‘f_¥ﬁf_“wlz

Further, at the=interfaeevv§ = Vy .

1.23a TO =

Finally; therefore;

~ Three additional relations that were found to be
useful to tabulate were

o Vy RT
1.24 Y = ;V y y

1.25 X; = = and
1.26 Py = Py = Py

The above tables were computed using the following
constants.

= 32.17
= 1,4036

1N°< "
|

~«

N
]

= 1,2593
Rx = 53,280
Ry = 53.290

Te, = T, = 518.7 °R

Poo.

]

-
"

]

* 14.7 psia
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The variables X;, V, /Vx, and pg are listed as
functions of T° on pages 40=41 of this report.

For Yy = ¥y = 1.4, Shapiro has derived the
relationship between the shock velocity and the peak
static overpressure shown below.

1.27a 9= %[a_

-1 ]: where

‘Also; for the above conditions, reference l. gives
the following relationship for the dynamic pressure.

The expressions for @ ’ q, DPP, SPLSP, and DPLSP,
listed in the EQUATIONS, were obtained by fitting data
given in reférence 1.
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APPENDIX IX.

Derivation of
Shock Model
Equations
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As shown in figure 2.la, flow of combustion gases
from a muzzle brake is ¢onceived as issuing principally -
from two ports of equal area. The air which these
gases replace is compressed as shells in front of the
rapidly expanding spheres of combustion gases. The
spheres are shown here fully developed. We shall
return shortly to a description of the two-shock model.

In figure 2.1b is seen the single-shock model,
The sphere of combustion gases is labeled region 2;
the shell of compressed air is labeled region y;
and the surrounding undisturbed air is labeled e .
At maximun shock strength, the speed of the center
of mass of the shock sphere in the Z-direction is
given by v2 . For momentum conservation in this

direction;
2.1 )
oA - M (1) Vo
foBaT = Br(1) —2

where w* is the total mass sét in motion in the .
Z~direction. It should be recognized that V, is an
effective speed chosen for momentum conserva%ion.
Considering only the momentum discharged from the

muzzle, one can obtain the actual average gas speed
from

Since the compressed glr,in,regieg y formerly
occupied the volume 4/3 7rj at ambient conditioans,

one can write

.. 473 are _ 43 1@3 - 1D
b Fy =, 4 vy/vx)1/3 . Also
41rr3
2.4 ML) = M(1) * 2 .
(1) = M(1) v
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Now, the gas dischargeg to J° = 1, is considered
to occupy the volume 4/3 nry . Thus,

2.5

e 3
4/8 mry

% = M(1) and
V3 av

e Y D VC or
2.6a  4/3 nrd = Vg ay D)V or
2 2

b 4/3 113 = Ky 5y M(LIVC, where

¢ Y2 av = 28% .

But, assuming ideal gas behavior,
2.7 v =BT
l44p™

~ With the additional assumptions of nearly adiabatic
flow within region 2 and sonic flow at the interface,

ss P2 _ 0% . (,* )‘ Yo/ ( ¥p=1)

Equations 2.7 and 2.8 yield
, Ro T
2.9a v s - s
] At ARV 4 : & b
144 py [ ¥y + 1)/2]

or
b o e B®

144 [ (¥, + 1)/2 ]
where
TO

C Xl = py

{

Finally, substitution of V2 in 2.9b into 2.6b gives
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41r3 _ Hg ay W) Ry i

2 . 10‘

14 [y + /2]
~ To obtain an expression for 4y ,y» We make the
additional assumption that the radial velocity within
region 2 can be written approximately as
2.11 %‘2' = % in the center of mass frame of reference.
Thus
2.12 v=vyp , where 0<pP<1 .

Within region 2(adiabatic flow),

Also,

2.14 Y. ¢ Ra T= ¥o g ko 0 _[ ¥2 = 1} {2
2.14a Y2 g Rz T = x'z; gRy T _(2 v

. o R T = Y o R 10 _| ¥o = 1} 2
b Y, gRy Ty~ Y, e Ry T° (227 v

Subtracting 2.14b from 2.14a and using 2.12, we have

2,15  ¥p g Ry T= ¥y g Ry Ty +.ﬁ£g§__, 2 a-py .

R lv'

By assumption, the mach number at the interface
is unity; so that :

2,16 vZ= ¥y gRyTp . Thus,
2,17 )’2 gRy T = vg[ 1+ ((¥p - 1)/2)Q - f,z) ]

218 L5 qzaﬁ.4

2 1 1(¥5-1))

i |
1H(( §5-1)/2) (1- p2) |
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By definition,

4 7 (13
4 7 (1)
3

2.19a V,, =.

T IGEAGYep

TR (3 13 (P #4lp )

vO

Equation 2.19b was evaluated numerically using a value of
1.26 for Xé‘a The resulting value ‘Wzrav = 1.309 was

used thruout the rest of the computations.

In the preceeding derivations in this appendix, we
have made use of mass and momentum consérvation. Now
we shall appeal to the principle of energy conservation
to derive a most important relationship.

The total energy . available for distribution is that
discharged up to J = 1, J H(1l). Part of this is involved
as translatienal kinetic energy of the gas relative to

the ground: y* (1)v2/2 g .

Another part is involved as stagnation enthalpy in
the center of mass system:

¥, -1 ¥(1)T® . The final major portion of the energy

is invested in doing work agalnst the atmosphere. This
work is just the work done in displacing the volume
4/3 ﬂrg against atmospheric pressure. This portion

1+ vv)

3
is thus 144 p, ( dmra

After striking an energy balance; we have

M (1) v

2.20 J HQ1) = 3 g

"1 M(l)T

454%5) !

Having written these equations for the single shock
model, we shall now examine what modifications must be
made for a two shock model, i.,e,, what must be done to
account for the presence of the muzzle brake.
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The first alteratmon 1n the above equations that
the mass contalned in each of the ldentlca spheres.
Ignoring discharge from the fromt port, this is one half
the mass contained in the single sghere nmodel. Thus,
mass contained in each sphere is M (1)/2. Similarly;
the momentim transported by each sphere is just P(1)/2.
Thus the average speéed of the mass in each sphere is

ePL/Z _ g PO, a
u* (1/2 *(1)

before for the single-shock model. Thus, vy = Vy .

it must be noted that the total energy available to
each sphere is now H(1)/2. Now, by examining equations
2.10 and 2,20, it can be seen that substitution o:
M(1)/2, H(l)/z, and vy for M(1l), H(1), and V5, respectively;
produces the conditions:

2.21  T° (two-shock model) = T° *(Singléeg‘shocﬁ:~k model)

2.22 radius of each gas sphere =”

By equation 2.3b and 2.22,

L g (13

T
2.23 ry = L+23—) s Where r; is the shock radius

1

for each sphere.

To predict the position of each of the fully developed
shock spheres with respect to the muzzle brake, we must
first apply momentum conservation to the system of spheres
and muzzle brake. Regard figure 2.2 .

In figure 2.2a a cross sectional view of a conven-
tional two-baffle brake is pictured. To simplify the
theoretical treatment, we find the effective center of
the side por*s and imagine the equivalent* brake to be
pictured as in figure 2.2b .

* A brake with two side ports having the same axial
and vertical momentum indices.
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FIGURE 2.2 A
.

. EEFECTIVE

~ CENTER OF
SIDE PORTS
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For momentum conservation in the Z-direction at 7 = 1,
2.24 M*(1)V,;/g + Z-impulse on brake at &= 1 = Bp(1) .
However,
2.25 Z-impulse on brake @t 7 = D¥ Vs Bp(1l) .
Therefore,
226 o .. EBp
2.26 le : --"ﬁ*(-i—)- (1 —beff) 5
and from 2.1 and 2.26,

by = Vil =begs) .

Defining

2.28 A = “etz'ax%Sim!L“lse s

. N - e Yo 1 op
2.292 )\ = —p=(l - begg) or , for ¥=1.26 ,

b,

1

1.46881(1 = b gp) .

_ Vi A
2.30 v,y = T 4sssl

We have defined,

net Y-axis impulse

1 €A =
2.31 P

83



-
o _ , 4 M (1) Vg
2,32 net Y-axis impulse = *“f‘fa-il

From 2.2, 2.31, and 2.32, o6ne has

i - m‘?l.QJW_

Since 71 is a vect0r~withucompqnénts.?ki, vyl,
and ij]i 5
o 5 5 1/2
2.34 Vxl = (vl o le - vzl)
From figure 2.2b, it can be seen that

|, for ¥,y » 0 ;

2.35a X= tan"t| Xl
s \ V21l

A T = .
b X=F, for v, =0}

N <1 1] .
2.36a = tan ' | %1

Calling the distance from the center of the side
port of the brake to the center of one of the shock

spheres d, , one can write

=

d. Z
5 3 1 and
2.37 E.]r‘ net Z=axls Impulse 2P
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2 ¢ 38 El; R ‘i..;,.L.,,‘_;Y':;‘ e
Bp net Y-=axis impulse

by similarity of the displacement and velocity vectors.
Then, from 2.28 and 2.37,

N e ’d“ ‘
2.39 zlﬂanAiz

Also, from 2.31 and 2.38,

Since d; is a vector with components Xy , vy 5 2y »

5 41 ¢ = 2 w2 ] 1/2

We shall now find an éxpression for dy : Gas discharge

starts at the muzzle. Therefore, the center of mass of

the gas discharged travels a distance ¢* thru the brake
itself before reaching a side port. This gas is expanding
and starting to shock the surrounding air even while in

the brake. Let us call d the distance the center of mass

of the gas discharged travels to time of maximum shock
strength, i.e., to v = 1. Then, d; can beée written as

The infinitesimal mass discharged during the interval
dt is M dt . The distance traveled by ghls mass from the
time of its ejection, t ; to the time t 1is given by

Vav (t = t) , where Vav ig the average velocity of the

mass during this interval. Thus, the distance from the
‘muzzle to the center of mass of all the gas discharged
to t* is

*
-t A rp kg4
243 q-J0 Vay Mt &7 -©)
- M(t*)
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Specifically, we are interested in t* such that

# = 1. Remembering that t = 7 or dt . 4

’ - / . ? 2 . 43
Xr

can be written as
2.4¢ a=[0YVay®d7 O -7)
M(1) @<T

From reference 10 we have

My Cq (C1F +1)75  where

((¥ + 1)/2¢ ¥ - 1))

and
2.46  M(1) = 0.50688 My .
In our case ¥ = 5’2« = 1.26 , and

2.47

b L E, 1§ Vay/2p snit) €19 + D705 0-pas.

To complete our evaluation of d , we need an
expression for v,y for the interval (1 -¢ ) . Let us

proceed by developing an expression for the velocity
of the gas, Vg = vg(Z) . We note that the velocity

with which the gas leaves the muzzle can be expressed as

From reference 10: we have

2.49a P(J) = C34App ipit ) » where
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Also;
2.50 M) = 4 _gapb init Cq i( Y +1)/2b’
‘b 1nit
From 2.48 , 2.49 , and 2.50 ,
2,51 .

Due to atmospheric entrainment; the gas discharged
slows down as it proceeds away from the muzzle. After
traveling fotr a time J ¥ 1, we shall assume that the gas
is traveling at Vl ; and that for ’”>>1., the gas
velocity asymptotically approaches a. . Actually, of
course, for J approaching e , v, approaches zero. It is
regarded as more realistic to assume that Vg approaches
a, , for the purpose of establishing a function Vg(J )
for the interval 0 €« 5K 1 .

c ul‘*’vl*amo

Selecting a simple function which passes thru the
points (vgo, 0) , (vy, 1) ; and approaches a, as 7'

approaches o« , indicates the following form:

oAl

a [rad
2,53 u=uy-TEH T
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b a=uy b
el b = uO/ Wy = I or

2.54 u= e 0O
1 5(1;10‘ - ul) \70

uy

Letting

i - u‘ 'R

. S S+ 3
& - - 20 Pl g, r oy
2.58 Sav = FTI’:T In(l * ‘—"'fs;l /200




Sample computations with typical weapons have shown
that

2.60 V3 ¥ ay iy

Substituting the latter expression into 2.59, and
letting &' = 1 = 7, the time interval of interest, we
obtain

2.61 Vav/3b init ~ % /% init "

, “D A=)

(V /ab inM" “1) (1"':;") (1 - a‘ V /ab init)
—71 =8, /8y init)

Vgo/®b init = %o /2 init ln[l , Lrgo/a

Equations 2.47, 2.51, and 2.61 suffice to determine
0( d/ay, init numerlcally as a function of ap j,i¢/2s
This evaluation has been performed for ay /am between
1.5 and 3.5, a realistic range for the examples we have
treated. The resulting values for Ly d/ab init lie
between 0.521 and 0.523 . To three significant figures
a value of 0.523 was choseni. Therefore, equation 2.42
gives

2.62 d. = 2:523 3 ynit - &,
‘T




APPENDIX 111

" Derivation of Shock Model Equations:
Shock Decay

As shown schematically in figure 3.la; the plane
thru the axis of the.rear trubpnion and.center of the
front port of the muzzle brake has been labled I. The
I-plane is; in general, inclined at some anglé QE to
the H-plane, a horizZontal plane thru the trunhion axis.

If the rear trunnion axis passes thru the tube centerliane,
the angle QE 1s exactly the quadrant elevation, it not,

the quadrant e1evation.

Using the X-Y-Z coordinate axes at the center of
the front port of the muzzle brake, the position of the
center of the near shock sphere is at (x,y,z). AS Seen
from figure 3.1, thesé components can be written as
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_ In figure 3.2 we have defined a reference position;
R. R is in a plane normal to H thru an axis parallel to

the trunnion axis at a distance f behind it. Within this

plane;, R is at a height h above the H-plane and i§ in
another plane normal to H; passing thru O, the angle of

intersection of this plane with I making an angle ¢ with

respect to the tube axis, Note that we have defined an
orthogonal frame (,“,*7 ; ¥ ) at Q along TPQ. The
centers of the neaf and far shock sphéres are labeled

A and B; respectively. The distance AR i$ called N and
the d1stance BR is called 0.

The other given dimensions have béen assigned
literals as shown in figure 3.2 . Also; from the geome-
try of the figure, we have given some derived dimensions.
In flgure 3.3a other derived dimensions are given in the
zf n == coordinate system which serve to specify

he eference position with respect to the c¢eéenters of the
neair and far shock Sphéres.
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FIGURE 3.3A
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With respect to R the f= , nd Yy~ components
of the distance .to A are; D sin® - xJ 5 BG + z) $in{QE)
+ y cos(QE) = h]R, and |D tos® + z cod(QE) - y sin(QE) |

With respect to R
distance to B;T

the B 1 and y- components of ?he°
Ip, sind A L (G + z)sin(QE) +
R and LD cosf : cos(QE) -y sin(QE)]

¢an write N and ﬂ as follows.

y cos(QE) - h
Therefore; on

3.2 §= [@sind - n?

((G + z) sin(QE) % y cos(QE) - h)zl +

(D cos # + z cos(QE) - y sin(QE))2 ]?1/2

3.3 6- [Dsind + 02 4

((G + 2z) sin(QE) + y cos(QE) - M2  +

(D cos® + z cos (QE) =~ y sin(QE))2 ] 1/2

From figure 3.2, the distance; L, from the c¢enter
of the muzzle to the reference position ¢an be found from

3.4 12=D%+ (G sin(@E) - W2

Figures 3.3b and ¢ show the center-of-mass velocity
components at A and B, respectively. The direction cosines
of the angles A s A.l » and A, and their counterparts
at B are obtaired by noting that for the velocity
component projections along N and @, the - q- , and

V- velocity components are proportional-’ to the corres-
ponding distance components. Thus, we have

(D sin®¥ - x)/N

3.5a CQS&;
b cosA? = ((G + z) sin(QE) * y cos(QE) = h)/N

(D cosP + z cos(QE) - y sin(QE))/N ,

&

¢ cosA,

and
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3.6a eosﬁﬁ = (D srn%ﬁ + x)/0

b éosﬁq

¢ cosBy

il

((G + z) sin(QE) + y cos(QE) - h)/@

A

(D cos + 2z cos(QE) - y sin(QE)/® .

~ To find the center-of-mass velocity components along
the f-, y-, and y- axes, given the components V,; ,
Vyi s and V,y , we note that the X, Y, Z axes are
rotated thru the angle (QE) about the X-axis to obtain
the Fy NV axes. Thus, one can write

1 0 0

0 ¢os (QE) sin(QE) ff

;f‘O - sin(QE) cos(QE)ji‘

Using the direction cosines; defined in 3.5 and 3.6,
and the velocity components, defined in 3.7, we find the
projections of V; in the direction of the reference
position from A and B to be, respectively,

V., cosA; = V,_ cosA, - V, cOsA, and
p cotty 7 Ty 008k = Ty co%hs

1

- Vf cosB, = V, cosB

The fraction of these velocity projections which
is effective in raising the shock velocity above vy in
the ground fixed frame we have called K, where K is
related to the empirical propagation factor; PF, by
the equation.

3.8 K = PF/1.46881

Therefore, one can write the shock front velocities
at max shock strength for the near and far shock spheres
in the direction of the reference position as

3.9 vi = vg + K(V, cosA, - W, cosA, - V,, cosA,, ) and
' 1 V2 (l; ~‘;- " 1 v v\)

"

3.10 Vi = Vg - K(f} cos%’ + v, cost;* V, cosBy, )
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. 7 F L, 2 7 s
3.11 (P11 & —Z— [ ‘('V"I/ a) -1 ] and

312 =g [oiw?-1]

As méntionéd in the discussion of the shock model, it
is assumed that the overpressure for each shggg sphere
decays independently of the other with an r~Y/“ dependénce
on distance. The dimensionless overpressure components
at the reference position due to the waves from the near
and far spheres are

r. | 3/2

3.14 P32 = Ti2 ( D ) .

From the definition of ¢ ,

The question that is now suggested is: "How should
the above overpressure components be combined so as to
reflect the measurable static overpressure at the
reference position?" The immediate answer for waves of
infinitesimal amplitude would be the sum of the two
components. For waves of finite amplitude, however,
such is not the case. Our determination of the correct
functional relationship is as follows.
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Consider two cases. In the first (figure 3.4a), a
51ngle shock sphere; at maximum shock strength, is located
at O, a distance L from a reference position Q. The
radius of the shock at maximum strength is R*, where
R*<< L. We consider a shock of such strength, ¢*, that
the r~3/2 decay rate is tenable. Thehn; the dimensionless
overpressure at the reference position would be

3.17 ?:: @* (R*/L)3/2

In the second instance (figure 3.4b), we divide the
shock energy and volume at max strength, available in
the first instance, into two parts, the shock centers
being located symmetrically at a distance a from the
line 0Q. We choose a<< L. Under these assumptlons, we
would not expect the resulting pressure at Q in the
second instance to differ greatly from that in the first.
Calling the equal ovérpressure components from the two
spheres at Q @1 and Pos One can write

3.18 p* ®/L)3/2 = £( ¢y P, , where
£( ¢ 'y ?2) is a function involving the com-

ponents P, and ?2 - To preserve geometric symmetry,
we require

3.19 f( (Pl’ ?2) £( ?23 (Pl) D)

that is;, the function chosen shall be symmetric with
respect to @) and Qg . Further, the function shall
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be non-dimensional. One function satisfying these reguire-
ments is .
, 1/7p

3.20 £ 6?13 ?2) = ( CP? + ‘;?12,) e

~ One might remark that, by assuming equal shock energy
and volume 1n the flrst and second 1nstance, the max1mum
the former, as proven in Appendlx II Further, T/gadli
of the spheres at max strength are given by R*/(Z)
Thus,

3.21

Substitution of the latter values of I‘and 9
into 3.18 and 3.20 gives

1
b ®*/1)3/2 - /p

ﬁF

By assumption, R/L & R/D ; hence

3.23a - 2P and
b p= 2

It must be stated that this line of reasoning has
certain arbitrary features which from any position other
than an operatlonal engineering viewpoint would be
inadmissable. However, the case treated in this report
certainly satisfies the assumption well enough. There-
fore, from 3.20 and 3.23b, one can write

) , 1/2 "

b (P3 Poo

Finally, from equation 1.28,

n

Pg3

3.25 Qn = EEE,_EZE .
- 3 207 +93)
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